Abstract-This paper examines the consistency of the latest dosimetry cross sections in benchmark neutron fields. It presents an updated compendium of cross sections which are validated through calculated-to-experimental ratios and verified against previous recommendations.
shows a chronological list of the major cross section libraries released since the IRDF-2002 compendium. This table shows that there have been updates to at least eight of the major experimental-based libraries. In addition there have been changes in the priorities of several of the national efforts, which are coordinated through the National Nuclear Data Centers (NNDC) , that affect the use of some of the newer cross section evaluations [7] . The main drivers for nuclear data development work in the U.S. during the past two decades have been data users other than the reactor dosimetry community, and it is these other communities that provided the bulk of financial support for the development of ENDF/B-VII.1 (2011). As a consequence, certain criteria deemed very important for dosimetry applications have not been considered as important in other quarters so they were not given very much attention in the ENDF/B project. Thus there is a need to identify the best set of evaluations to be used for dosimetry applications.
In response to this need, this paper announces the release of the SNLRML-II compendium that provides an updated set of U.S. Government work not protected by U.S. copyright. recommended cross sections and associated nuclear data for dosimetry applications-along with validation comparisons against the compiled set of peer-reviewed experimental reaction data, EXFOR [8] , and against spectrum-averaged integral activities gathered in neutron benchmark fields. This paper also highlights the changes in the latest SNLRML-II recommendations against the previously adopted community standards. As a final validation, the calculated-to-experimental ratios (C/E) seen in the neutron benchmark fields are examined and least squares-based spectrum adjustments on the well-characterized benchmark neutron spectra are used to highlight the presence of any dosimetry cross sections that exhibit systematic deviations. In addition, this paper addresses the current community activities in the dosimetry cross section area, cautions on how these activities affect the use of new cross section evaluations for dosimetry applications, and addresses the future needs of the dosimetry community.
II. RECOMMENDED CROSS SECTIONS AND NUCLEAR DATA

A. Reactions Considered
The new SNLRML-II compendium contains recommendations for 92 reactions of interest to the dosimetry community. Most of these reactions are for activation sensors used to support neutron spectrum adjustments in research and commercial reactors, but some of the reactions also address the use of 1-MeV(Si) and 1-MeV(GaAs) damage in bipolar transistors, iron displacement per atom (dpa) for assessing embrittlement reactor pressure vessels, and absorption cross sections for materials such as and that are used as "covers" for activation sensors [9] . Table II lists these reactions, details the source evaluation that was selected, and compares the source of the most recent SNLRML-II selection with the previous SNLRML recommen- dation. The green shading over the reaction descriptor indicates that the new recommended cross section has changed since the earlier release of the original SNLRML library in 1993. Note that 78 of the 92 reactions, 85%, have changed since the original SNLRML selections. This is a clear indication that the user community should be reviewing the fidelity of the cross sections used for dosimetry applications and updating the data used in their applications.
B. Nuclear Decay Data
Dosimetry applications should also use consistent nuclear data for the decay of the activation products. In particular, it is important that the nuclear data used for detector calibration standards are consistent with dosimetry applications. Table III shows the recommended half-lives for the activation products addressed in the SNLRML-II library. It also provides consistent gamma emission yields for the main photon decay energies associated with these isotopes. The values for the nuclear data in these tables are followed by the uncertainty (in parenthesis and italicized) in the last significant digits. Table III shows that 16 of the 46 unique activation products addressed in the SNLRML-II library have new half-lives that deviated by more than one standard deviation from the previous recommended values, as reflected by the SNLRML selection or by that found in the Browne and Firestone compendium [10] . The deviant pairs are highlighted in yellow. While, at first inspection, it is somewhat surprising that this large percentage of the half-lives, 35%, have changed recently, it is not so surprising when one reflects that this is partly due to the small uncertainty typically associated with the decay half-lives, and our criterion is a change of one standard deviation or greater.
Table III also shows the variation in the new SNLRML-II recommendations for the gamma emission yield from the previous community standards. These differences are highlighted in yellow. The significant changes in the nuclear data, either the half-lives or the gamma emission yields, are indicated by green highlighting of the isotope.
C. Methodology for Cross Section Selection
A complete description of the evidence supporting the SNLRML-II selection of recommended cross sections is documented in [11] . The selection process was to identify in a table all available high quality cross sections for the specific reaction of interest. This set of cross section evaluations was then divided into two categories, "candidate" and "rejected" cross sections. This down-selection was based on the cross section having a valid covariance matrix, that is, a covariance matrix that was representative of evaluation process and some consideration of available experimental data. This set of conditions follows the requirements found in the standard ASTM E1018, Standard Guide for Application of ASTM Evaluated Cross Section Data File [1]. The set of "candidate" evaluations was then compared with available experiment data from the EXFOR database [8] , measurements taken at benchmark neutron fields, and resonance integral data [12] . The date of the evaluation was considered, the more recent evaluations being assumed to be based on a wider set of available cross section measurements. The quality of the covariance matrix was evaluated. Use of a pure block diagonal matrix representation was indicative of poor consideration of correlations within the experimental data or between the nuclear model parameters. The eigenvalues of the covariance matrix were computed in order to verify that the matrix was positive definite. The associated nuclear data, the target abundance and atomic weight and the residual isotope decay half-life, atomic weight, and gamma emission yields, were surveyed. Preference in the source for the nuclear data was given to sources used for detector calibration [13] . 
D. Format for Library Release
The SNLRML-II library is released in two forms in order to support the user community. The first form is an ENDF-6 format [14] . This form is typically an exact replication of the source evaluation, perhaps with minor format changes that promote conformance with the ENDF-6 format and processing by the major processing codes, such as NJOY-99 [15] . In this form, there are no changes in the energy grid or interpolation method used to define the basic cross section or the covariance matrix. The second form is one that uses a finely gridded 640-group SAND-II energy structure [16] , which extends from 1.0E-10 MeV up to 20 MeV in energy, and an upper triangular representation of the covariance matrix in the LSL [17] format, that is, specification of the energy-averaged cross section, uncertainty, and relative correlation matrix in the same isotope-specific energy grid as used by the original evaluator. This format is designed to directly feed into the SAND-based spectrum unfold and LSL-based spectrum adjustment codes.
The SNLRML-II dosimetry cross section library [11] is currently available by direct request to the authors. The library will soon be submitted for release through the Radiation Safety Information Computational Center (RSICC) at Oak Ridge National Laboratory. Once released by RSICC, the library will be available to non-US requesters through the International Atomic Energy Agency (IAEA) Nuclear Data Section (NDS).
III. VALIDATION DATA
All dosimetry data used for important production activities need to have been validated for the given application. After the SNLRML-II library was compiled, its fidelity was tested through several validation activities that are described in the following sections. 
A. C/E Ratios in Benchmark Neutron Fields
A first validation step is to examine the calculated-to-experimental (C/E) ratios for the dosimetry cross sections in well characterized neutron benchmark fields. The best characterized field is the spontaneous fission field. This is regarded as the "standard" fast neutron field. Fig. 4 shows the C/E ratios plotted against the median neutron energy for the sensor response in this neutron field.
The next validation step is to examine the C/E ratio data in the less well characterized, but still benchmark quality, "reference" thermal fission neutron field. Fig. 5 shows the C/E ratios in this neutron field. The source of the measurement uncertainty can be found in [5] . The break-out of the spectrum and cross section contribution to the calculated uncertainty can be found in [18] .
There are 84 data points for the validation results of the 47 reactions addressed in Figs. 4 and 5 for the and neutron benchmark fields. A key requirement for dosimetry applications is not only that the best cross sections are used, but that the energy-dependent uncertainty is accurate. Of these 84 points, 78% are within one standard deviation, for and for . The agreement is better in the neutron field due to the larger uncertainty in the spectrum determination for this field. This level of validation data within 1-sigma is better than the value of 66% that would be expected from a normal distribution. This data also shows that 93% of the data points are within two standard deviations. This is comparable to the 95% that is expected from a normal distribution. Only one of the C/E ratios in benchmark fields exceeded three standard deviations; in the field. Note, this observation addresses the number of deviations in the C/E ratio from unity and not the magnitude of the standard deviation itself. The relevant metric is the agreement of the stated uncertainty with the validation data. In this case, the large number of standard deviations is due to the very small uncertainty of 3.31% associated with this C/E ratio with 0.265% coming from the spectrum, 1.385% from the spectrum-averaged calculated cross section, and 3.0% from the experimental data point. This is fairly good validation of the selected cross sections.
B. Spectrum Adjustments in Benchmark Neutron Fields
A more rigorous validation test is to examine the consistency of activation sensors in benchmark neutron fields. This is investigated by using the best available dosimetry-quality experimental data for all of the reactions addressed in the SNLRML-II library in a least squares adjustment of the spectrum for benchmark neutron fields. In this analysis we used the LSL least squares code [17] .
We identified dosimetry-quality data for 43 reactions in the standard neutron field. For a case with a perfectly consistent characterization of the uncertainty data for the input data, the activation data, cross sections and the a priori neutron spectrum, we expect a chi-squared per degree of freedom of unity. Since our spectrum adjustment is normalized to the reaction that is used as a monitor, we have 42 degrees of freedom and a of 1.377. This is considered to be an excellent result and indicates a very good consistency between the energy-dependent response of the various activation cross sections and the experimental measurements. The reactions with the largest contribution to the chi-squared, in order of contribution, are the , , , , and reactions. The first three of these reactions were also highlighted in Fig. 4 as having discrepant C/E ratios when only the individual reactions were considered.
We identified dosimetry-quality data for 41 reactions in the reference neutron field and obtained a of 1.363. Again, this shows an excellent agreement for the characterization of the uncertainties in the nuclear data. The reactions with the largest contribution to the chi-squared, in order of contribution, in this neutron field are the , , , , and reactions. The first two of these reactions were also highlighted in Fig. 5 as having anomalously discrepant C/E ratios in this neutron field when only the individual reactions were considered.
The largest contributors to the chi-squared in the two different benchmark neutron fields show no overlap with respect to the discrepant reactions. This could reflect that the uncertainties in for iterative removal of reactions in the field. the experimental data or in the a priori neutron spectrum are the major drivers in the chi-squared.
C. Consistency of Chi-Squared per Degree of Freedom
A final validation step used was to examine the change and smoothness in the as the number of foils is changed. We iteratively remove the reaction that gave the largest contribution to the looking for any jumps in that value. Fig. 6 shows the for the "standard" benchmark neutron field as reactions are removed. Fig. 7 shows the for the "reference" benchmark neutron field as reactions are removed. In both cases the decrease in the is seen to be smooth with the sequential removal of the reactions. It only takes the removal of two reactions for the in the field, and one reaction in the field, to have the fall below the unity indicative of a perfect consistency of the uncertainty data for all relevant input quantities. The smooth fall of the below unity as more foils are removed is expected since this removal process introduces an intentional bias towards a more consistent data set. The larger uncertainty attributed to the a priori spectrum means that fewer reactions need to be removed until the falls off to very small values, less than 0.1, that is, the larger uncertainty attributed to the lack of knowledge for the neutron spectrum masks the uncertainty in the cross section.
IV. CONCLUSION
This paper presents a compendium of recommended neutron cross sections and associated nuclear data for dosimetry applications. The methodology used for the selection of the recommended cross sections is described. Comparison with the previous community standards demonstrates that there have been significant changes in this area and that users need to update the nuclear data used for "production" applications of the dosimetry data. Experimental data in benchmark neutron fields are used to validate the recommended dosimetry selections.
